This work is concerned with the analysis of the eff ects of thermal radiation on oscillatory free convection fl ow of a micropolar fl uid in a rotating
INTRODUCTION
The analysis of the dynamics of micropolar fl uid has been the subject of many research papers in recent years because of its increasing importance in processing industries and elsewhere for materials whose behavior in shear cannot be characterized by Newtonian relationships. The micropolar fl uids which contain microconstituents and can undergo rotation have been proposed by Eringen (1964) . These kinds of fl uids are utilized in analyzing exotic lubricants, the fl ow of colloidal suspensions, paints, liquid crystals, animal blood, fl uid fl owing in brain, turbulent shear fl ows, and body fl uids both mathematically and industrially. In addition, due to its practical application to boundary layer control and thermal protection in high-energy fl ow by means of wall velocity and mass transfer, considerable attention has been paid to the thermal boundary layer fl ows over moving boundaries (Bhargava and Takhar, 2000) . The oscillatory boundary layer fl ow with constant heat Rahman and Sattar (1999) . Khonsari and Brewe (1994) have examined the effect of viscous dissipation on the lubrication characteristics of micropolar fl uids. The effect of nonzero values of microgyration vector on a semi-infi nite moving porous plate with constant velocity when the magnetic fi eld is imposed transversely on the plate and the temperature of the plate is oscillating with time have been analyzed by Kim and Lee (2003) . Gorla and Nakamura (1995) discussed the combined convection from a rotating cone to micropolar fl uids with an arbitrary variation of surface temperature. In all the previous investigations, the effects of thermal radiation on the fl ow and heat transfer have not been considered. The effects of radiation on MHD fl ow and heat transfer problem have become more important industrially. At a high operating temperature, the radiation effect can be quite signifi cant. Many processes in engineering areas occur at a high temperature and knowledge of radiation heat transfer becomes very important for the design of reliable equipment, nuclear plants, gas turbines, and various propulsion devices or aircraft, missiles, satellites, and space vehicles. Based on these applications, Cogley et al. (1968) showed that in the optically thin limit, the fl uid does not absorb its own emitted radiation but the fl uid does absorb radiation emitted by the boundaries. The effect of the chemical reaction and radiation absorption on unsteady MHD free convection fl ow past a semi-infi nite vertical permeable moving plate with heat source and suction has been studied by Ibrahim et al. (2008) . Plumb et al. (1981) was the fi rst to examine the effect of horizontal crossfl ow and radiation on natural convection from a vertical heated surface in a saturated porous media. Keeping in mind some specifi c industrial applications such as the polymer processing technology, numerous attempts have been made to analyze the effect of a transverse magnetic fi eld on the boundary layer fl ow characteristics. Mansour and El-Shaer (2001) analyzed the effects of thermal radiation on magnetohydrodynamic natural convection fl ows in fl uid-saturated porous media. Pal (2005) studied heat and mass transfer in stagnation-point fl ow toward a stretching sheet in the presence of a buoyancy force and thermal radiation. Vajravelu and Rollins (1992) studied heat transfer in an electrically conducting fl uid over a stretching sheet by taking into account magnetic fi eld only. Molla et al. (2011) studied the effect of thermal radiation on steady two-dimensional natural convection laminar fl ow of a viscous incompressible optically thick fl uid along a vertical fl at plate with streamwise sinusoidal surface temperature. Vajravelu (1994) studied the fl ow of a steady viscous fl uid and heat transfer characteristic in a porous medium by considering different heating processes. Sattar and Hamid (1996) investigated the unsteady free convection interaction with thermal radiation in a boundary layer fl ow past a vertical porous plate. Raptis (1998) investigated the steady fl ow of a viscous fl uid through a porous medium bounded by a porous plate subjected to a constant suction velocity by the presence of thermal radiation. Bakr and Raizah (2012) obtained approximate solutions for the unsteady MHD double-diffusive free convection of a micropolar fl uid for a heat generating fl uid with thermal radiation and chemical reaction. Pal and Talukdar (2011) analyzed the combined effects of Joule heating and chemical reaction on unsteady magnetohydrodynamic mixed convection of a viscous dissipating fl uid over a vertical plate in porous media with thermal radiation. Hossain and Takhar (1996) considered the radiation effect on mixed convection boundary layer fl ow of an optically dense viscous incompressible fl uid along a vertical plate with uniform surface temperature. Ahmed and Zueco (2011) obtained an exact solution to the problem of heat and mass transfer in a rotating vertical porous channel taking into account the effects of Hall current. Ahmed and Kalita (2013) studied magnetohydrodynamic transient fl ow through a porous medium bounded by a hot vertical plate in the presence of radiation. Makinde (2005) examined the transient free convection interaction with thermal radiation of an absorbing emitting fl uid along moving vertical permeable plate. Rahman and Satter (2007) studied transient convective fl ow of micropolar fl uid past a continuous moving porous plate in the presence of radiation. Pal and Talukdar (2010) presented a perturbation analysis of unsteady MHD mixed convective heat and mass transfer in a boundary layer fl ow with thermal radiation and chemical reaction effects. Bakr (2011) presented an analysis on MHD free convection and mass transfer adjacent to a moving vertical plate for a micropolar fl uid in a rotating frame of reference in the presence of heat generation/absorption and a chemical reaction. Mahapatra et al. (2013) presented the mixed convection fl ow in an inclined enclosure under magnetic fi eld with thermal radiation and heat generation. This study indicates that the volumetric heat generation term that arises due to the heat source exerts a strong infl uence on the heat transfer and, as a consequence, also on the fl uid fl ow. Recently, Das (2011) analyzed the problem analytically to consider the effect of fi rst-order chemical reaction and thermal radiation on a micropolar fl uid in a rotating frame of reference.
In the present analysis, the effects of a variable heat fl ux on the oscillatory free convective fl ow of a micropolar fl uid past a vertical porous plate with rotating frame of reference is studied. Examples of the physical situation presented are: (i) removal of heat of nuclear fuel debris buried deep in the sea-bed and (ii) heat recovery from a geothermal system. The fl ow takes place near a hot vertical plate bounding the porous region which is fi lled with water containing soluble and insoluble chemical materials. It is assumed that the plate is embedded in a uniform porous medium and oscillates in time with a constant frequency in the presence of a transverse magnetic fi eld. The governing equations are solved analytically using a perturbation technique. Numerical results are reported for various values of the physical parameters of interest. The paper has been arranged as follows. Section 2 deals with the mathematical formulation of the problems. Section 3 contains the closed form solutions of velocity, temperature concentration, etc. Numerical results and discussion are presented in Section 4. The conclusions have been summarized in Section 5.
MATHEMATICAL ANALYSIS
We consider in three dimensions oscillatory free convective fl ow of a laminar, incompressible, micropolar fl uid though a porous medium occupying a semi-infi nite region of the space bounded by an infi nite vertical moving porous plate with constant suction and variable heat fl ux applied at the wall when the plate velocity u * (t) oscillates in time t with frequency n * and is given by u * (t * ) = U r (1 + ε cos nt). The fl ow is assumed to be in the x * direction, which is taken along the plate in the upward direction and the z * axis is normal to it. Firstly, the fl uid as well as the plate is at rest but for time t * > 0 the whole system is allowed to rotate with a constant rotating body Ω in a micropolar fl uid about the z * axis. A uniform magnetic fi eld B 0 is taken to be acting along the z * axis. The equation of conservation of electric charge 0 J ∇ = gives J z = constan t, where J = (J x , J y , J z ). Since the plate is electrically nonconducting, the constant is zero and hence J z = 0 everywhere in the fl ow. It is assumed that the plate is infi nite in extent and hence all physical quantities depend on z * and t * only. The fl ow confi guration of the problem under study is shown in Fig. 1 .
The governing equations of the problem are
The radiative heat fl ux is given by (Cogley et al., 1968 )
The advantages and limitations of the Cogley-Vincenti-Giles (Cogley et al., 1968) formulation, which is used to simulate the radiation component of heat transfer, are (i) it does not require an extra transport equation for the incident radiation, (ii) it can only be used for an optically thin, near-equilibrium, and a non-gray gas. The Cogley model is well suited for (i) surface-to-surface radiant heating or cooling,
FIG. 1: Schematic diagram and coordinate system
(iii) coupled radiation, convection, and/or conduction heat transfer, and (iv) radiation in glass processing, glass fi ber drawing, and ceramic processing. 
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where ε is a small constant quantity. We now consider a convenient solution of Eq.
(1) to be * 0
where the constant w 0 represents the normal velocity at the plate which is positive for suction and negative for blowing. We now introduce the dimensionless variables, as follows: * * * * * * * * 2 0 2 * * * * 2 2 2 2 
Thus, introducing relations (10) and (11) into Eqs. (2)- (7), we obtain the following dimensionless differential equations:
The boundary conditions (8) and (9) can be written in a nondimensional form as 
To obtain the desired solutions, we now simplify Eqs. (12)- (17) by expressing the fl uid velocity and angular velocity in a complex form as 
,
Therefore, the boundary conditions (18) and (19) become 
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ANALYTICAL SOLUTIONS
Now, we look for a solution of Eqs. (13), (14), and (15) at the boundary conditions (16) of the form
where U are , , , and Q ω θ ϕ.
Substituting Eqs. (26) into Eqs. (20)- (23) and comparing the harmonic and nonharmonic terms, we get
Here, the primes denote differentiation with respect to z. However, this expansion of the solution is meaningful only if the reduced equations are ordinary differential equations of the independent variable z. In fact, the solutions of 1 2 1 2 1 2 1 , , , , , , Q Q ω ω θ θ ϕ , and 2 ϕ are time-dependent and are not consistent with the assumption. In addition, the corresponding boundary conditions can be written as 
Solving Eqs. (27)- (38) at the boundary conditions (39)- (41) and substituting the solutions into Eqs. (26)- (29) 
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where the constants are given in the Appendix. The physical quantities of engineering interest are the skin-friction coeffi cient, couple stress coeffi cient, Nusselt number, and the Sherwood number. The local skin friction coeffi cient C f is given by the equation
The couple stress coeffi cient at the wall C w is given by
In addition, the rate of heat transfer at the surface of the wall in terms of the Nusselt number Nu can be written as
where Re x r U x = υ is the Reynolds number.
The local Sherwood number Sh x is given by
Thus, Sh (0) Re
RESULTS AND DISCUSSION
The formulation of the effect of chemical reaction and thermal radiation on MHD free convection heat and mass transfer fl ow of an incompressible micropolar fl uid along a semi-infi nite vertical porous plate in a porous medium in the presence of heat generation/absorption and a rotating frame of reference has been performed in the preceding sections. This enables us to carry out the numerical calculations for distribution of the translational velocity, microrotation, temperature, and concentration across the boundary layer for different values of the parameters. Figure 2 shows the pattern of the translational velocity and microrotation for different values of the viscosity ratio parameter Δ. Figure 2 displays that adjacent to the surface of the plate, translational velocity increases as Δ decreases but the effect is opposite far away from the plate. Furthermore, microrotation decreases as Δ increases. Table 1 depicts the effects of Δ on the skin friction coeffi cient C f , couple stress coeffi cient C w , Nusselt number Nu, and the Sherwood number Sh x . It is seen that as Δ increases, the skin friction coeffi cient decreases and the couple stress coeffi cient increases, whereas the Nusselt number and Sherwood number remain unchanged.
Effect of Viscosity Ratio Parameter F

Effect of the Heat Flux Parameter B
The effects of the heat fl ux parameter B can readily be seen in Fig. 3 : the translational velocity, microrotation velocity, and temperature profi les increase with B. This indicates that the fl ow behavior can be enhanced by applying a wall heat fl ux, which may be of use in the recovery of hydrocarbons from underground petroleum deposits. Heat is injected into a reservoir in the form of a hot water stream or heat can be generated by burning a part of the crude in the reservoir. In all such thermal recovery processes, fl uid fl ow through a porous medium takes place and the convection currents are detrimental. Also it is found from Table 1 that as B increases, the Nusselt number increases, whereas the skin friction coeffi cient, couple stress coeffi cient, and the Sherwood number remain unchanged. Figure 4 shows the translational velocity and microrotation distribution across the boundary layer for different values of the thermal radiation parameter F. It is seen from these fi gures that the effect of increasing values of the thermal radiation parameter F results in a decreasing translational velocity distribution across the boundary layer, whereas microrotation distribution decreases as F increases. Typical variations of the temperature profi les along y are shown in Fig. 4 for various values of the thermal radiation parameter F. The results show that as the thermal radiation parameter increases, the temperature profi les decrease and hence, there would be a decrease in the thermal boundary layer thickness. Table 1 It is observed that the skin friction coeffi cient decreases as F increases, whereas the couple stress coeffi cient increases with F.
Effect of the Rotational Parameter R
The translational velocity and microrotation profi les against y for different values of R are displayed in Fig. 5 . It is clear that as R increases, the translational velocity decreases but the effect is reverse for microrotation distribution. From Table 1 we see that as the rotation parameter increases, the skin friction coeffi cient increases and the couple stress coeffi cient decreases, but the Nusselt number and Sherwood number remain unchanged. Figure 6 illustrates the variation of the translational velocity and microrotation distribution across the boundary layer for various values of the suction parameter S. It is seen from this fi gure that the effect of increasing values of the suction parameter S results in a decreasing translational velocity distribution across the boundary layer, whereas microrotation distribution decreases as S increases. Figure 6c,d shows the variation of concentration profi les for different values of S. It is observed from this fi gure that the temperature and concentration profi les decrease with increasing S. Also it is found from Table 1 that as S increases, the local skin friction coeffi cient C f , the couple stress coeffi cient C w , and the Sherwood number Sh x decrease. From the table we also observed that the Nusselt number Nu remains unchanged. Figure 7 shows the pattern of the translational velocity and microrotation for different values of the magnetic fi eld parameter M. Figure 7 displays that adjacent to the surface of the plate, translational velocity increases as M decreases. Furthermore, microrotation decreases as M increases. Table 1 shows that the skin friction coeffi cient C f decreases as M increases, whereas the couple stress coeffi cient C w increases with increase in the magnetic fi eld parameter M.
Effect of the Magnetic Field Parameter M
Effect of the Permeability Parameter K
For different values of the permeability parameter K, the translational velocity and microrotation on the porous wall are plotted in Fig. 8 . It is obvious that the increased values of K tend to increase the translational velocity and microrotation on the porous wall and so enhance the momentum boundary layer thickness. Table 1 shows the effect of K on the skin friction coeffi cient C f , couple stress coeffi cient C w , Nusselt number Nu, and the Sherwood number Sh x . It is seen that both the skin friction coeffi cient and the couple stress coeffi cient increase as K increases. But there are no effect of K on the Nusselt number and Sherwood number. 
CONCLUSIONS
In this work, we have theoretically studied the effect of a variable wall heat fl ux and thermal radiation on unsteady MHD free convection heat and mass transfer fl ow of an incompressible, micropolar fl uid along a semi-infi nite vertical porous moving plate embedded in a uniform porous medium of a rotating frame of reference. The governing equations are solved analytically by using the perturbation technique. The results are discussed through graphs and table. The following conclusions can be made from the present investigation: 
